CARBON NANOTUBE CONDUCTOR FOR TRENCH CAPACITORS 



Cross-Reference to Related Applications 

[0001] The present application is a National Phase Application of 
International Application PCT/US2003/040295 entitled "Carbon Nanotube 
Conductor for Trench Capacitors", which was filed on December 18, 2003 and 
published under WO2005/069372A1 on July 28, 2005. 



Technical Field 

[0002] The present invention generally relates to deep trench capacitors and 
more particularly to the use of a carbon nanotube film as a trench liner in deep 
trench capacitors. 



Background Art 

[0003] Most methods of fabricating DRAM trench storage nodes use silicon 
as a trench conductor material. As the trenches get deeper and achieve a higher 
aspect ratio, it requires more time to access the stored charge in the trench. It 
is difficult to use more conductive materials, such as aluminum, copper or 
platinum, in the trench due to the high thermal cycles that are required in the 
dynamic random access memory (DRAM) device fabrication. 

[0004] Carbon nanotubes have recently attracted attention for use in very 
high-density integrated circuit devices. For example, U.S. Patent No. 
6,515,325 describes a vertical transistor and capacitor cell using a single 
nanotube to form a device. U.S. Patent No. 6,566,704 describes a transistor 
including vertical nanotubes in which the source and drain are respectively 
formed at lower and upper parts of the nanotubes. These patents also describe 
processes for growing a nanotube on a substrate, where the nanotube is grown 
upwards from the substrate. 

[0005] In order to employ carbon nanotubes in a trench-type capacitor 
memory device, it is necessary to form the nanotubes in a structure suitable for 
a storage node trench. This in turn requires that the nanotubes be grown down 
into the trench. The present invention addresses this problem. 
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Disclosure of Invention 

[0006] The invention provides a trench-type storage device (capacitor) having 
conductive carbon nanotubes forming an open-ended cylinder structure lining 
the trench. A non-carbon based trench conductor (e.g., polysilicon, metals, 
alloys, etc.) fills the trench inside the open cylinder structure of carbon 
nanotube bundles. More specifically, in a process for making the invention, a 
carbon nanotube catalyst structure is formed on a substrate and at least one 
trench is patterned in the substrate. Then, the process grows carbon nanotubes 
down into the trench to line the trench with carbon nanotubes bundles, after 
which the invention fills the trench with the trench conductor. 

[0007] Prior to growing the carbon nanotubes, a porous cap may be formed 
over the carbon nanotube catalyst to further promote exposure of the catalyst 
to the carbon material. The process forms the carbon nanotubes catalyst 
structure by first forming a least one pad layer and then forming a carbon 
nanotube catalyst on the pad layer. After the trench is patterned, additional 
etching of the trench is performed to create an undercut beneath the carbon 
nanotube catalyst structure. Then, a portion of the pad layer is removed to 
expose the carbon nanotube catalyst. The process grows the carbon 
nanotubes from the top opening portion of the trench, down sidewalls of the 
trench, to the bottom closed portion of the trench. The carbon nanotubes form 
a consistent lining along approximately the entire length of sidewalls of the 
trench. 

[0008] A trench dielectric can be positioned between the carbon nanotubes 
and sidewalls of the trench. The trench conductor comprises one or more of 
polysilicon, metal, an alloy, etc., and is carbon free. Further, in the final 
structure, the substrate is free of carbon nanotube catalyst materials because 
the catalyst is removed by the inventive process. 

[0009] These, and other, aspects and objects of the present invention will be 
better appreciated and understood when considered in conjunction with the 
following description and the accompanying drawings. It should be 
understood, however, that the following description, while indicating preferred 
embodiments of the present invention and numerous specific details thereof, is 
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given by way of illustration and not of limitation. Many changes and 
modifications may be made within the scope of the present invention without 
departing from the spirit thereof, and the invention includes all such 
modifications. 

Brief Description of Drawings 

[00010] The invention will be better understood from the following detailed 

description with reference to the drawings, in which: 
[00011] Figure 1 is a schematic diagram of a partially completed trench-type 

storage device; 

[00012] Figure 2 is a schematic diagram of a partially completed trench-type 
storage device; 

[00013] Figure 3 is a schematic diagram of a partially completed trench-type 
storage device; and 

[00014] Figure 4 is a flow diagram illustrating a preferred method of the 
invention. 

Best Mode for Carrying Out the Invention 

[00015] The present invention and the various features and advantageous 
details thereof are explained more fully with reference to the nonlimiting 
embodiments that are illustrated in the accompanying drawings and detailed in 
the following description. It should be noted that the features illustrated in the 
drawings are not necessarily drawn to scale. Descriptions of well-known 
components and processing techniques are omitted so as to not unnecessarily 
obscure the present invention. The examples used herein are intended merely 
to facilitate an understanding of ways in which the invention may be practiced 
and to further enable those of skill in the art to practice the invention. 
Accordingly, the examples should not be construed as limiting the scope of the 
invention. 

[00016] The present invention uses carbon nanotubes (CNT) to help form the 
conductive material in the trench. Most approaches to growing carbon 
nanotubes use a catalyst buried in the substrate and grow the carbon nanotubes 
up the trench from the bottom or middle. This approach does not work well for 
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filling a deep trench because the trench becomes clogged with carbon 
nanotube material which blocks access of the source gas to the catalyst when 
the catalyst is placed at the bottom or sides of the trench. The present 
invention places the catalyst at the top of the trench, and allows the carbon 
nanotube to grow down into the trench, while fresh source gas is able to access 
the catalyst through a porous cap over the catalyst. The pores do not get 
clogged with carbon nanotubes because the tubes grow out from the catalyst 
surface rather than down into the catalyst. 
[00017] The thicknesses and materials used in the following example explain 
one manner in which the invention is embodied. One ordinarily skilled in the 
art would understand that many different substances of many different 
thicknesses can be utilized in place of the materials and dimension mentioned 
below. Further, all measurements and chemical concentrations used herein are 
approximates. Therefore, as mentioned above, the following example should 
not be construed as limiting the scope of the invention. As shown in Figure 1, 
the invention starts with a pad structure on a substrate 100 that includes, for 
example, a 10 nm oxide layer (102), a 100 nm nitride layer (104) and 10 nm 
layer of Nickel, Iron, or Cobalt (or other suitable catalyst for carbon nanotube 
formation) 106. Item 108 represents a porous material, such as 200 nm of 
porous insulator (porous silicon oxide, such as formed from spun on glass 
(SOG) material with a component of volatile materials that escape during 
anneal). On top of the SOG, 500-800 nm of silicon oxide hard mask 110 is 
placed to mask the etch of the deep trench. On top of the oxide hard mask is 
placed 200 nm of silicon nitride hard mask 112, to provide a mask to etch the 
oxide 110. 

[00018] The invention then applies an organic anti-reflective coating (ARC) 
and photoresist 114, and exposes the trench pattern into the photoresist 114. 
The invention performs the standard post exposure baking of the resist and 
developing of the resist pattern. Then, the invention etches the resist pattern 
into the nitride hard mask 112, and transfers the pattern through the rest of the 
pad stack and into the silicon substrate 100. After the trench is etched, the 
invention uses a brief isotropic silicon etch to perform additional trench 
widening and allow the pad structure to extend slightly over the trench, for 
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example, about 10 nm per edge as shown by arrow 116. After the trench is 
widened, the trench dielectric 200 is formed according to methods known in 
the art; for example, deposition of silicon nitride of approximately 2 nm 
followed by thermal oxidation. 

[00019] As shown in Figure 2, the process for making a preferred embodiment 
of the invention removes portions of the trench dielectric, the oxide layer 102 
and the nitride layer 104 at the bottom of the pad structure, to expose the 
metallic catalyst 106 to the process ambient. This is done by isotropic etching 
(as indicated by arrows 204) of the trench dielectric, oxide 102 and nitride 
104, while protecting the trench dielectric in the trench using a polymer fill. 
The polymer fill process is performed prior to the isotropic etch; an organic 
polymer is spun on the wafer to fill the trench, and the polymer is recessed by 
plasma etching to the top of the trench. After the isotropic etch, the polymer 
fill is ashed away using an oxygen plasma. If desired, the structure may then 
be annealed in Hydrogen, or Hydrogen/Carbon Monoxide to reduce the carbon 
nanotube catalyst 106 (the catalyst may become oxidized during trench 
dielectric formation, making this step unnecessary). This step would be 
necessary if the catalyst becomes oxidized, and the reduced metal is preferred 
as the catalyst. Iron and Nickel oxides can also act as carbon nanotube 
catalysts, so this reduction step may not be required. 

[00020] The invention then introduces the carbon nanotube formation gas (such 
as carbon monoxide, acetylene, ethylene, or other suitable carbon sources) at 
elevated temperature (such as 500-900° C), to allow the carbon nanotube 202 
to grow down into the trench from the catalyst at the bottom of the pad 
structure. As shown in Figure 3, the invention then fills the remaining portion 
of the trench with a trench conductor 300 (e.g., polysilicon, metal, alloy, etc.) 
as in a conventional fill process, and planarizes the structure. 

[00021] A process for producing the structure of the present invention is shown 
in flowchart form in Figure 4. More specifically, the invention forms a carbon 
nanotube catalyst structure on a substrate and patterns at least one trench in the 
substrate. The invention forms the carbon nanotube catalyst structure by first 
forming a least one pad layer (step 402) and then forming a carbon nanotube 
catalyst on the pad layer (step 404). Prior to growing the carbon nanotubes, 
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the invention can form a porous cap over the carbon nanotube catalyst (step 
406). After the trench is patterned (step 408), the invention performs 
additional etching of the trench to create an undercut beneath the carbon 
nanotube catalyst structure (step 410). Next, the trench dielectric is formed on 
the trench sidewall (step 412). 
[00022] A portion of the trench dielectric and a portion of the pad layer are then 
removed, to expose the carbon nanotube catalyst (step 414). Then, the 
invention grows carbon nanotubes down into the trench (step 416), after which 
the invention fills the trench with a conductor (step 418). The inventive 
process grows the carbon nanotubes from the top opening portion of the 
trench, down sidewalls of the trench, to the bottom closed portion of the 
trench. The carbon nanotubes form a consistent lining along approximately the 
entire length of sidewalls of the trench. The trench conductor comprises one 
or more of polysilicon, metal, an alloy, etc., and is carbon free. Lastly (step 
420), the structure is planarized down to the top of the substrate 100. Thus, in 
the final structure, this area of the substrate is free of carbon nanotube catalyst 
materials. 

[00023] As shown above, the present invention places the catalyst at the top of 
the trench, and allows the carbon nanotubes to grow down into the trench. 
This avoids the problems associated with conventional processes which cause 
the high aspect ratio trenches to be clogged with carbon nanotube material. 
Further, with the invention, fresh source gas is able to access the catalyst 
through a porous cap over the catalyst. 

Industrial Applicability 

[00024] The present invention is applicable to any type of electronic storage 
device that utilizes trench-type capacitors. In the particular example given 
above, the present invention has been described with reference to a dynamic 
random access memory (DRAM) capacitor structure. 

[00025] While the invention has been described in terms of preferred 
embodiments, those skilled in the art will recognize that the invention can be 
practiced with modification within the spirit and scope of the appended claims. 
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